ABSTRACT
The growing demand to increase production while reducing cost in the mining industry 31 promotes the need to design and construct bridges that convey extremely heavy mine haul 32 trucks from the ore to the processing facility via the shortest route. In addition to designing 33 for extreme static and impact loads induced by these heavy trucks, determining the thickness 34 of the gravel wear coarse layer presents a major design challenge Oudah 35 and Norlander 2016). Maintenance of the gravel surfaced haul roads supporting haul trucks 36 requires frequent grading to sustain the original surface sections and profiles. This operation 37 would be somewhat dysfunctional should the gravel surface become discontinuous when 38 approaching the concrete deck of a bridge. In addition, a required depth of gravel over a 39 bridge deck is beneficial in limiting the concentration of wheel loading and thus reducing the 40 punching shear imposed on the concrete decks under the tires. 41 AMEC Foster Wheeler (AMEC FW) Oil and Gas Calgary Office has been involved in the 42 design of a bridge system subjected to extraordinary vehicle load at one of Alberta's Oil 43 Sands mines. The bridge transports the world's heaviest mining truck CAT 797 (> 600 ton). 44
Aside from the complex design of the 135 m three-span bridge, the design of the gravel wear 45 surface was a challenging task. Extensive literature review and consultation with bridge 46 experts were conducted to examine the principle design parameters of the bridge wear 47 D r a f t 3 Structural analysis of the bridge designed by AMEC FW indicated a significant contribution 54 of the total maximum bridge moment and shear was attributed to the wear surface self-55 weight. For example, the contribution of the moment induced by the gravel weight varied 56 from 13% to 40% of the total design moment for a 250 mm and 1250 mm thick gravel layer, 57 respectively, when placed on a representative composite steel girder bridge configuration. It 58 was, therefore, decided to conduct a rational design procedure to suggest a wear surface 59 thickness that can provide a robust performance while imposing the smallest impact to the 60 overall moments and shears. The Special Structures group at AMEC FW Calgary Office 61 conducted a pioneering investigation to articulate the design philosophy for a bridge gravel 62 wear surface. Design aids were developed for bridge systems conveying extremely heavy 63 mining trucks for use in design and for possible inclusion in the North American Design 64
Codes (CSA-S6, AASHTO LRFD, and AASHTO). The design aids provide simple, yet 65 rational tools for design engineers in the mining industry. 66 
Literature Review

Construction Practices versus Design Methods 101
The design of haul roads has not advanced at the same rate as the rapid development in the 102 haul truck payload. Road-building technology from the early 70s is still being practiced today 103 (Kaufman and Ault 1977) . Haul road designs were entirely empirical until the early 1980s 104 when the California Bearing Ratio (CBR) cover thickness design technique emerged. Despite 105 the empirical nature of the technique, a mathematical approach to the calculation of the wear 106 surface thickness was derived. This conventional design approach characterizes the bearing 107 capacity of a given soil layer as a percentage of the bearing capacity of a standard-crushed 108 aggregate (Thompson and Visser 1996; Thompson 1996). The bearing capacity of each layer 109 is determined in accordance with ASTM D1883. The soil thickness is calculated based on the 110 wheel load and the soil CBR ratio. The CBR approach is simple, but it encounters numerous 111 disadvantages. The method assumes a constant elastic modulus for the layers of different 112 materials, although each material has its own engineering properties. It is based 113 fundamentally on empirical results applied to public roads subjected to a maximum axle load 114 of 80 kN. 115
Developments over recent decades have offered an opportunity for more rational-based and 116 rigorous haul road design procedures. The Mechanistic Design approach was developed 117 based on the theories of mechanics and relates the road structural behavior and performance 118 to traffic loading and environmental influences (Thompson and Visser 1997a; Thompson and 119 Visser 1997b). This method is a hybrid, for practicality purposes, in the sense that empirical 120 models are used to fill in the gaps that exist between the theory of mechanics and the 121 performance of the road. Finite Element (FE) layered elastic models are used to examine the 122 distribution of stress and strains within the soil layers in the Mechanistic design approach. 123
The vertical stress and strain are limited to predefined critical limits. The critical stress 124 corresponds to the ultimate compressive capacity of the gravel layer while the critical strainD r a f t 6 corresponds to the strain at which the gravel starts to loose structural integrity and degrades. 126
The modulus of resilience, required to define the elastic properties of the road material, can 127 be determined empirically using the AASHTO 1993 code, repeated load lab testing, or from 128 back-analysis of in-situ Falling Weight Deflectometer (FWD) testing. 129
Design Philosophy
130
The proposed philosophy of designing the thickness of the gravel wear surface subjected to 131 an extreme truck load is composed of fulfilling two compulsory requirements, and the 132 optional fulfillment of a third requirement; 133
• Compulsory requirement No. 1: Maintain gravel cohesion and integrity. This design 134 requirement is concerned with determining the minimum gravel dry density that will 135 prevent the loss of the gravel soil integrity under the combined action of tire load and 136 increased water content in the gravel layer. 137 
171
The Mechanistic design approach was implemented to study the influence of varying both the 172 thickness and the dry density (or water content) of the wear surface on the gravel cohesion. 173
The fundamentals of this method, primarily used in the design of road pavement, are also 174 applicable for the design of a gravel layer placed on a bridge concrete deck. The method 175 controls the vertical stresses and strains in the gravel layer below critical limits. Two 176 parameters are controlled by the Mechanistic Design approach; compressive stress and 177 compressive strain in the gravel layer under the tire. The former parameter is concerned with 178 the bearing capacity of the soil while the latter is concerned with the cohesion of the soil. In 179 this context, cohesion is defined as the ability of the soil to maintain its integrity and it is 180 controlled by the strain and stress state in the gravel wear surface layer. If the stress and/or 181 strain exceed threshold values, the soil loses its cohesion and can no longer support the 182 vehicle weight. The results drawn from this analysis will be used to suggest a minimum 183 gravel dry density that is needed to sustain the functionality of the wear surface. 184
For well-compacted good quality gravel, the bearing capacity should not be a concern due to 185 the low compressive stress applied onto the gravel layer. In fact, test results indicate a stress 186 factor of safety around 6 for a typical crushed-aggregate surface layer (Tannant and 187 range, bounded by the extreme boundary condition scenarios, below the critical strain limit of 248 0.002. The strain range is lower than the critical strain limit in both the 98% and the 95% dry 249 density but higher than the critical strain for the 92% compaction. The change in the unit 250 density is manifested by the reduction of the gravel modulus of elasticity (an 8% drop in dry 251 density leads to a 37% drop in the gravel modulus of elasticity (Hopkins et al. 2007)). The 252 increase in the thickness of the gravel layer has a minor effect on decreasing the strain range. 253
The granular surface layer is recommended to meet the test requirements of MicroDeval loss 254 test to ensure durability requirements. Furthermore, high resistance to impact and abrasion is 255 a mandatory requirement for the selection and quality-control of the granular surface 256 material. 257
It was concluded that varying the wear surface thickness has a negligible influence on its 258 cohesion while the gravel unit dry density has the most significant impact on the response of 259 the system. Consequently, the Mechanistic design approach does not predict a minimum 260 gravel thickness. The wear surface granular layer is a manufactured product, and the water 261 contact can be typically controlled to achieve a minimum of 100% to 98% compaction level. Sensitivity analysis was conducted with regard to the concrete deck thickness, gravel layer 279 thickness, and concrete deck post-tensioning to develop design aids that server the purpose of 280 this design requirement. 281
Finite Element Approach 282
Geometry and Boundary Conditions 283
Representative FE models were developed using LS-DYNA software to examine the 284 application of the tire load on the response of the gravel layer and the concrete deck. The 285 geometry and the boundary conditions of the FE models are shown in Figure 6 The Michelin 59/80R63 tire consists of a tread, carcass, belts, bead, and wheel ring. Only the 297 tread, the belts, and the wheel ring were modeled since they control the stiffness and the 298 response of the moving tire as shown in Figure 8 . The wheel ring was modeled as rigid 299 elements. The tread belts, and wheel ring were modeled using Belytschko-Tsay shell 300 elements with two through-section integration points. The thicknesses of the tread, belt, and 301 wheel ring were 127 mm, 20 mm, and 20 mm, respectively, based on design specifications 302 (Bridgestone 2015) . The truck was positioned in the middle of the gravel and concrete FE 303 models to produce the maximum bending on the concrete deck. 304
The interaction between the concrete and gravel layers was modeled as a surface-to-surface 305 contact with a coefficient of friction of 0.55 (Paikowsky et al. 2010 ). The coefficient of 306 friction of the tire-gravel interface was 0.35 (Noon 1994 ). The equivalent post-tensioning 307 stress applied to the concrete deck, as shown in Figure 7 , is discussed in the Load Application 308 section. 309
Material Constitutive Models 310
The gravel was modeled using the Drucker-Prager material model. The model takes into 311 account the confining effect in enhancing the gravel capacity and enables the shape of the 312 surface to be distorted into a more realistic definition for soils. The constant CN was set to 0.00032 (Reid 2001) , while the scale factor β was set to unity. 363
The concrete deck is typically composed of concrete panels connected to each other and post-364 tensioned longitudinally and transversely. Three scenarios were considered with regard to the 365 concrete deck post-tensioning; zero post-tensioning, post-tensioning with 12.7 mm 7-wire 366 1860 MPa strands spaced at 300 mm and post-tensioned to 70% at transfer, 12.7 mm 7-wire 367 1860 MPa strands spaced at 150 mm and post-tensioned to 70% at transfer. The former and 368 latter post-tensioning levels correspond to uniform stresses of 1 MPa and 2 MPa, 369 respectively, applied uniformly on the transverse face of the concrete deck as shown in 370 
Finite Element Approach 419
Geometry and Boundary Conditions 420
The geometry and the boundary conditions of the FE braking model were similar to those 421 used in examining Design Requirement No. 2, except for the longitudinal dimension of the 422 concrete deck and the gravel layer. The length of the two layers were extended for 60 m as 423 shown in Figure 13 . 424
Material Constitutive Models 425
The material constitutive models of the concrete deck, gravel wear surface, and tire were 426 similar to those used in conducting the FE analysis pertaining to Design Requirement No. 2. 427 D r a f t
The concrete self-weight, gravel self-weight, tire load, and concrete deck transverse post-429 tensioning were applied during the explicit dynamic relaxation phase. Additional pulse force 430 generated due to the tendency of the vehicle to overturn about its center of gravity, referred to 431 as the pitch effect, was applied in the proceeding transit dynamic phase. The pitch force was 432 calculated using simple mechanics given the dimensional properties of the vehicle, speed, and 433 surface friction. The pitch force was found to be 0.57 times the vehicle's weight distributed to 434 the front axle. The wheel ring was subjected to an initial translational velocity and angular 435 velocity about the rotational axis corresponding to the maximum truck speed (18.8 m/s) in the 436 transit phase. 437
Results and Discussion 438
The 
